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malaria from latent liver stages (Fritz and Andrews 1953 , Hale and Halpenny 1953 , Fontaine et al. 1954 , Marshal 1954 , Han et al. 2006 ). While the malaria case rates decreased among the U.S. military personnel during and following the Korean War as a result of chemoprophylaxis with chloroquine and primaquine (Jones et al. 1953 , Alving 1954 , Long 1954 , the malaria situation worsened in the Republic of Korea (ROK) due to poor living conditions and limited medical care (Chun and Kim 1959, Paik and Tsai 1963) . Following the Korean War, a malaria eradication program was established in the 1960s using DDT for indoor and outdoor vector control. This combined with a slow but gradual improvement in living conditions resulted in an improvement of the malaria situation and malaria becoming more geographically localized van der Gugten 1966, Chai 1999) . Malaria cases continued to decline and in 1979, the World Health Organization (WHO) declared the ROK malaria-free (WHO 1981) . However, in 1993, vivax malaria re-emerged near the southern boundary of the demilitarized zone (DMZ; Chai et al. 1994; Cho et al. 1994; Lee et al. 2002a,b) in a ROK Army soldier with no travel history to malaria-endemic regions. Sharp increases in the numbers of malaria cases followed, with more than 4,000 cases reported by 2000 among ROK active duty military, veterans, and civilians and U.S. Forces Korea (USFK; Park et al. 2009 ). High populations of Anopheles sinensis Wiedemann sensu lato (s.l.) and Anopheles pullus Yamada (¼ yatsushiroensis n.n.) (Hwang et al. 2004 , Sithiprasasna et al. 2005 , considered the primary malaria vectors in Korea (Marshal 1954; Lee and Powers 1990; Feighner et al. 1998; Chai 1999; Kho et al. 1999; Park et al. 2000; Ree and Hwang 2000; Lee et al. 2001 Lee et al. , 2002a Ree 2005; Shin et al. 2005; Yeom et al. 2005 Yeom et al. , 2007 Kim et al. 2009 ), were present throughout the peninsula. Based on this information, it was proposed that malaria would soon spread throughout the Korean peninsula as ROK Army veterans returned to their homes in the southern provinces and later developed malaria that was acquired 6-18 months prior while deployed to malaria high-risk areas near the DMZ, thereby increasing the potential for the spread of vivax malaria throughout the ROK , Klein et al. 2009 ). However, the origin of malaria cases remained concentrated near the DMZ (Shim and Kim 1999; Lee et al. 2001 Lee et al. , 2002b Park et al. 2003 Park et al. , 2009 Yeom et al. 2005 , Han et al. 2006 , spreading east and west, but not south as predicted (Moon and Cho 2001 , Klein et al. 2009 ). Although the ROK military accounted for the highest proportion of cases from 1993-1998, malaria spread to communities near the DMZ and from 1999-2015, the highest proportion of malaria cases was reported among civilians (Yeom et al. 2007 , KCDC 2015 .
Prior to 2005, there were only three species belonging to the Anopheles Hyrcanus Group (An. sinensis, An. pullus, and Anopheles lesteri Baisas and Hu) reported in the ROK, and based on previous malaria investigations and insufficient information regarding species composition and potential vectors, An. sinensis s.l. was considered the primary vector of malaria throughout the Korean peninsula (Strickman et al. 1999 , Ree and Hwang 2000 , Lee et al. 2002a , Iwagami et al. 2012 . However, in 2005, two additional species, Anopheles kleini Rueda and Anopheles belenrae Rueda, were identified, and the presence of An. lesteri, An. pullus, and An. sinensis s.s., all of which were morphologically indistinct from each other (Wilkerson et al. 2003 , Li et al. 2005 , Rueda 2005 ), was confirmed. Subsequently, An. kleini, An. pullus, An. belenrae, and An. lesteri were implicated as vectors of vivax malaria and were the predominant species collected near the DMZ and associated northwestern islands in the ROK, whereas An. sinensis was the predominant species collected south of Seoul (Rueda et al. 2010a,b; Foley et al. 2011 Foley et al. , 2012 Kim et al. 2011) . Preliminary vector competence studies also showed that although An. kleini, An. lesteri, and An. sinensis developed oocysts, only An. kleini and An. lesteri developed salivary gland infections (Lee et al. 2007; Joshi et al. 2009 Joshi et al. , 2011 .
The objectives of the current study were to determine the potential vector competence of An. sinensis s.s., previously presumed to be the primary vector of malaria in the ROK, and An. kleini based on oocyst and sporozoite indices for Thai strains of P. vivax to better understand their role in the transmission and geographical distribution of vivax malaria in the ROK. This study was done at the Armed Forces Research Institute of Medical Sciences (AFRIMS) due to sufficient laboratory space, isolation, and security requirements for potentially infected mosquitoes; established colonies to ensure adequate numbers of mosquitoes; and personnel trained in feeding mosquitoes, performing midgut and salivary gland dissections, and interpreting results. Mosquitoes were fed on blood obtained from Thai malaria patients naturally infected with vivax malaria under an approved protocol and potentially infected mosquitoes securely transported from the field sites to the AFRIMS laboratory.
Materials and Methods

Mosquito Colonization and Rearing
Approximately 100 resting blood-fed Anopheles spp. females were collected at a beef farm (37 54 0 26 00 N, 126 44 0 04 00 E) near the DMZ, Tongilchon, Gyeonggi Province, ROK, and shipped live to the Entomology Department, AFRIMS, Bangkok, Thailand. The blood-fed adults were transferred to a secure insectary and maintained at 25 C 6 1 C and 80% RH. A 5% solution (v/v) of commercially produced multivitamin syrup (MULTILIM, Atlantic Pharmaceutical Co., Bangkok, Thailand) that included 5% sucrose (LIN, TTR Group, Col, Uthai Thani, Thailand) was provided in saturated cotton placed on the screened top of the carton as a food source (Phasomkusolsil et al. 2014) . Eggs were obtained from individual wild-caught females that were identified to species by polymerase chain reaction, as described by Li et al (2005) and Wilkerson et al. (2003) . Eggs of An. kleini and An. sinensis s.s. were combined according to parent species, whereas all other eggs and adults (An. lesteri, An. pullus, and An. belenrae) were discarded in accordance with standard protocol. Larvae of each species were then reared and maintained separately in secure rearing facilities to prevent mixing of species, as described by Phasomkusolsil et al. (2014) . Pupae were removed daily and placed in a container with water and then placed in screened-top gallon cartons. For colonization, 3-5-d-old adult An. kleini and An. sinensis s.s. were provided bloodmeals preserved using citrate phosphate dextrose adenine (CPDA-1) via an artificial membrane feeder (sausage casing skin) containing human blood (Interstate Blood Bank, Inc., Memphis, TN), as previously described (Rutledge et al. 1964) . After blood-feeding, females were manually mated as described by Ow Yang et al. (1963) , eggs obtained, and larvae and adults maintained as described earlier.
Anopheles dirus Peyton and Harrison, colonized for >25 years at the AFRIMS insectary and highly susceptible in the laboratory to P. vivax, Plasmodium falciparum, and Plasmodium cynomolgi, was used as a positive control to determine if gametocytes were infective (Zollner et al. 2006 ).
Mosquito Infections
Plasmodium vivax-infected blood was obtained from Thai patients who reported to medical clinics along the Thai-Myanmar border with signs and symptoms of malaria infection and confirmation of vivax malaria parasites in the blood. Volunteers, after providing consent, were enrolled under a human use protocol approved by the Institutional Ethics Committee of the Thai Ministry of Public Health and the Human Subjects Research Review Board of the U.S. Army. Thick and thin blood smears were prepared and then examined microscopically for P. vivax parasites and gametocyte densities calculated per 200 white blood cells. In total, 20 ml of venous blood was collected in a heparinized tube. To prevent exflagellation of microgametocytes, the blood sample was then maintained at a constant temperature of 37 C using a water bath circulation system for no longer than a maximum of 6 h before being used.
In total, one hundred 5-7-d-old female An. sinensis, An. kleini, and An. dirus (Bangkok colony strain, control; Esah and Scanlon 1966, Wilkinson et al. 1972 ) reared at the AFRIMS Department of Entomology insectary were placed separately in screened-top pint cartons and provided a 10% multivitamin sugar solution (w/v) in saturated cotton pads as a food source. Cartons were placed in a Styrofoam cooler and transported to the Mae Sod Malaria Medical Clinic, Mae Sod District (Thailand Ministry of Public Health). After starvation for 8 h (multivitamin sugar solution removed), females of An. sinensis, An. kleini, and An. dirus were concurrently allowed to blood-feed for 30 min using an artificial membrane feeder on P. vivax infectious blood. Unfed and partially fed mosquitoes were removed, counted, and discarded in accordance with standard protocols. Engorged mosquitoes were then secured in a Styrofoam shipping container and transported to the AFRIMS insectary, where they were maintained in a secure facility. The adults were maintained at temperature and humidity as described earlier and offered cotton pads saturated with 10% multivitamin sugar solution that was changed daily to reduce fungal and bacteria growth. In total, 10 or 10% of the surviving blood-fed mosquitoes were dissected on days 7-8 post-feed to provide an estimate of the number of midgut oocysts. The minimum and maximum oocyst diameters (mm) were determined using an ocular micrometer on the eye piece of a phasecontrast microscope at 40Â, and mean minimum and maximum measurements determined for each cohort.
The remaining mosquitoes were dissected at days 14-15, 21, and 28 to determine the presence/absence of sporozoites in the salivary glands and to estimate sporozoite indices using a commonly used measure (0 ¼ none; þ1 ¼ 1-10; þ2 ¼ 11-100; þ3 ¼ 101-1,000; þ4 ¼ >1,000 sporozoites; Laurens et al. 2012 ).
Data Analysis
The Mann-Whitney test was used to compare the differences in oocyst numbers between mosquito species. A chi-square test was used when comparing percentages of oocyst-and sporozoite-infected mosquitoes.
Results
In total, 13 replicates of 100 (1,300) mosquitoes each of An. sinensis s.s., An. kleini, and An. dirus were allowed to feed on P. vivax-infected blood from Thai malaria patients (Fig. 1) . In total, 1,253 (96.4%; range 90-100%) An. dirus, 969 (74.5%; range 21-94%) An. kleini, and 472 (36.3%; range 5-73%) An. sinensis fed to engorgement.
In total, up to 10 or 10% of the surviving mosquitoes were dissected on days 7-8 after blood-feeding and the number of oocysts recorded. One replicate was excluded in the analysis because no oocysts were observed on the midgut for any of the mosquitoes dissected on days 7-8 post-feed. Anopheles dirus (77.4%) had the highest oocyst infection rate for blood-fed females dissected 7-8 d post blood-feeding, whereas infection rates for An. kleini (46.2%) and An. sinensis (45.9%) were similar (Table 1) . Similarly, the mean number of oocysts for An. dirus (82.7) was significantly higher compared with An. kleini (6.1; df ¼ 11, P ¼ 0.001) and An. sinensis (8.6; df ¼ 11, P ¼ 0.003), whereas the mean number of oocysts for An. kleini and An. sinensis s.s. were similar (P ¼ 0.500). The mean minimum and maximum oocyst sizes for An. dirus were 22.8 mm and 54.6 mm, respectively, whereas they were 24.3 mm and 40.2 mm, respectively, for An. kleini, and 19.2 mm and 27.7 mm, respectively, for An. sinensis.
Salivary gland-positive mosquitoes were scored as þ1, þ2, þ3, and þ4. Only 9 of 13 replicates had sufficient numbers of An. sinensis and An. kleini that survived through days 14-28 for comparative analysis of sporozoite rates and indices. Overall, 90.4% of An. dirus were positive for sporozoites, while only 6.0% (16/266) of An. kleini and 0.5% (1/195) of An. sinensis were positive for sporozoites ( Table 2 ). The proportion of An. dirus and An. kleini that had þ3 and þ4 sporozoites was 75.6% and 50.0%, respectively. The proportion of An. dirus with sporozoites increased over time from 80.0% to 93.3 to 97.8% on days 14-15, 21, and 28 days post bloodmeal, respectively. Conversely, the proportion of An. kleini with sporozoites decreased over time from 10.2 to 6.7% to 1.1% for days 14-15, 21, and 28 d post feed, respectively. Overall, only 1 of 193 An. sinensis was positive for sporozoites (þ2).
Discussion
Anopheles dirus has been in colony for more than two decades, is a highly competent vector of P. falciparum and P. vivax Thai malaria strains, and has been used to provide sporozoites for various malaria projects at the Walter Reed Army Institute of Research and other institutions (Zollner et al. 2006 , Cui et al. 2009 ). Local host-parasite adaptations are often associated with parasites of the same geographic region, resulting in high infection rates as observed for An. dirus (Molina-Cruz et al. 2015) . This species demonstrated a clear difference in vector competence compared with An. kleini and An. sinensis that had been recently colonized (F 10-16 ) from blood-fed adults collected during May 2009 at a beef farm near the DMZ, ROK. In comparison with An. dirus, which is well laboratoryadapted, fewer An. kleini and An. sinensis blood-fed to repletion when feeding on a membrane feeder, which reduced the number of available mosquitoes to be dissected on days 14-15, 21, and 28 for sporozoites. Although host feeding preferences have not been determined for An. kleini and An. sinensis, it has been suggested that An. sinensis s.l. is zoophilic. Therefore, the host feeding preferences, in addition to laboratory adaptation, may be partially responsible for fewer numbers of mosquitoes blood-feeding on human blood via a membrane feeder. Further investigations on the blood-feeding behavior of Anopheles spp. in Korea need to be done.
Both An. kleini and An. sinensis demonstrated similar oocyst infection rates (46.2 and 45.9%, respectively), mean minimum and maximum oocyst size (range 22.5 and 37.5 mm and 17.5 and 25.0 mm, respectively), and mean numbers of oocysts (6.5 and 10.5, respectively). Although 6.0% of An. kleini demonstrated salivary gland sporozoites, only 0.5% of An. sinensis was positive for salivary gland sporozoites. These results are similar to those of Joshi et al. (2011) , who reported in a preliminary investigation that 25.0% of An. kleini and 0% of An. sinensis demonstrated salivary gland sporozoites when fed on blood from P. vivax malaria patients in the ROK. In a separate study, Joshi et al. (2009) concluded that although An. sinensis Mean number of oocysts/oocyst-positive mosquitoes. The Mann-Whitney test was used to determine significant differences in the mean numbers of mosquitoes positive for oocysts. Like letters are not significantly different. c Mean minimum and maximum oocyst sizes (diameter, mm) for oocyst-positive mosquitoes. The chi-square test was used for analysis of differences in the mean number of oocysts. Like letters are not significantly different. Number and (Percent) of mosquitoes positive, by species and sporozoite indices, that were dissected on days 14-15, 21, and 28, post feed. c Estimated sporozoite indices: þ1, 1-10; þ2, 11-100; þ3, 101-1,000; þ4, >1,000 sporozoites. developed oocysts when feeding on blood from Thai (7/8, 87.5%) and Korean (7/8, 87.5%) malaria patients, none of the blood-fed An. sinensis that fed on Thai (0/14) patients and only 1 of 20 (5.0%) that fed on blood from a Korean malaria patient developed þ2 sporozoite gland index. These results indicate that although An. sinensis is susceptible to P. vivax midgut infections, there is a significant salivary gland barrier to both Thai and Korean P. vivax strains (Rosenberg 1985 , Mueller et al. 2010 . The mean sporozoite index for An. kleini feeding on the blood from Korean malaria patients was þ3 (Joshi et al. 2009 ), whereas in this study, 31.3 and 18.8% of An. kleini demonstrated þ3 and þ4 sporozoite indices, respectively. While sporozoite infection rates increased over time for An. dirus, the sporozoite infection rates for An. kleini decreased. The decrease in sporozoite infection rates from 10.2 to 6.7 to 1.1% for days 14-15, 21, and 28 d post feed, respectively, is not understood. However, it may be related to a detrimental effect on the longevity among those that are infected with sporozoites that, if true, would reduce their vector potential. Additional studies need to be conducted to determine the effect of P. vivax parasites on the longevity of An. kleini, as well as other species in Korea. Golenda et al. (1992) showed that when salivary gland sporozoite counts during salivation were <100, sporozoites were not observed in the expectorate of Anopheles stephensi positive for salivary gland sporozoites of P. falciparum or Plasmodium berghei. In addition, as the number of observed sporozoites increased during salivation, the number of salivary gland sporozoites in the expectorate increased. Thus, preliminary studies implicate An. kleini and An. lesteri (¼ anthropophagus, implicated as a vector of malaria in China and West Coast Island in the ROK) as primary vectors of vivax malaria in the ROK, whereas An. sinensis is a very poor vector in the ROK (Lee et al. 2007; Joshi et al. 2009 Joshi et al. , 2011 Foley et al. 2011; Sinka et al. 2011) . Limited distribution models of Anopheles spp. indicate that malaria cases are highest where either or both An. kleini and An. lesteri proportions are highest, whereas An. sinensis predominates where malaria transmission is very low (Foley et al. 2010 (Foley et al. , 2012 Rueda et al. 2010b; Kim et al. 2011; Yoo et al. 2013) . While only 6.0% of An. kleini developed sporozoites, until there is further evidence of the role of An. lesteri, An. pullus, and An. belenrae, it should be considered a primary vector of vivax malaria in the northern part of the ROK near the DMZ where populations are relatively high (Chang et al. 2016) .
Anopheles kleini accounted for 66.7-100% of all Anopheles spp. in north-eastern Russia and where An. sinensis was not found (Khrabova et al. 2012 (Khrabova et al. , 2015 . Extrapolation of this information indicates that An. kleini populations would likely be very high from the southern boundary of the DMZ to the Democratic People's Republic of Korea (DPRK), where malaria transmission is high, to north-eastern Russia (WHO 2011 (WHO , 2014 . Question: "Why hasn't malaria expanded and increased among civilian and military populations south of Gyeonggi and Gangwon Provinces with the annual flow of vivax malaria cases associated with veteran populations?" The answer appears to be related to high populations of An. sinensis (and its low level of vector competence) and low populations of An. kleini and other members of the Anopheles Hyrcanus Group that have been implicated as potential vectors of vivax malaria in the ROK (Lee et al. 2007; Joshi et al. 2009 Joshi et al. , 2011 Chang et al. 2016) . Unfortunately, the distribution of malaria vectors when vivax malaria posed a serious health threat throughout much of the peninsula prior to its eradication in 1979 was unknown. To better understand the complexity of malaria transmission risks requires that the geographical distribution and vector status of Anopheles spp. in the ROK be re-examined. This will enable the development of more definitive disease threat analyses based on vector potential and distribution and epidemiology of vivax malaria in the ROK.
Geographic genetic variations among Plasmodium spp. (Molina-Cruz et al. 2015) and their potential infectivity to local Anopheles spp. may result in some species being more refractory to P. vivax strains, e.g., Thai strains that were evaluated using ROK Anopheles spp. populations. However, evidence suggests that there were two vivax malaria genotype groups observed in ROK soldiers stationed near the DMZ in 1999 that correlated with one group from Thailand and Vietnam and the other from southern China (Hwang et al. 2009 , Iwagami et al. 2010 . Subsequently, when the numbers of malaria cases in DPRK were very high in 2001 (296,540 cases) and 2002 (241,190 cases; WHO 2011 WHO , 2014 , there were multiple introductions into the DPRK and the ROK. Due to the proximity and the flight range of Anopheles spp. of up to 20 km, Cho et al. (2002) and Iwagami et al. (2012 Iwagami et al. ( , 2013 proposed that multiple introductions of vivax malaria resulted from infected mosquitoes flying from the DPRK to the ROK. Although, undocumented, ROK civilians working in Kaesong, DPRK, where vivax malaria was prevalent, frequently travelled from the ROK-DPRK-ROK and also may have introduced malaria strains from the DPRK to the ROK.
In summary, vivax malaria remains a primary public health and military readiness concern due to the potential for high morbidity rates that cannot be considered inconsequential due to severe paroxysms of chills, high fevers (40.0-41.6 C), and severe sweats that if left untreated may result in anemia and thrombocytopenia , Moon and Cho 2001 , Park et al. 2003 , Galinski and Barnwell 2008 , Klein et al. 2009 , KCDC 2015 . While malaria re-emerged in the ROK in 1993, it was not until 2005 that it was shown that the Anopheles Hyrcanus Group consisted of five species in the ROK, including two new species that could not be reliably separated from An. sinensis by conventional morphological techniques (Wilkerson et al. 2003 , Li et al. 2005 , Rueda 2005 ). This has resulted in confusion and continued speculation as to the vector status of members of the Anopheles Hyrcanus Group, where An. sinensis s.l. was previously considered the primary vector of malaria (Lee et al. 2002a , Ree 2005 , and continues to be implicated as the primary vector of malaria in the ROK (WHO 2011 (WHO , 2014 Iwagami et al. 2013) . Others have shown that An. kleini and An. lesteri are the primary vectors of vivax malaria in the ROK (Lee et al. 2007; Kim et al. 2009; Klein et al. 2009; Joshi et al. 2009 Joshi et al. , 2011 . More recently, An. belenrae and Anopheles sineroides were implicated as vectors of vivax malaria in Korea, raising more questions concerning the epidemiology of malaria in Korea (Rueda et al. 2010a) . The low population densities of An. lesteri, An. pullus, An. belenrae, and An. kleini south of Seoul appear to be the primary limiting factor in the distribution, spread, and establishment of vivax malaria in the southern part of the peninsula. Based on current evidence, vivax malaria will remain a threat along the border near the DMZ where large populations of An. kleini and An. lesteri are found, while limited transmission is expected to occur south of Seoul as a result of the preponderance of An. sinensis. Comprehensive vector surveillance, in combination with malaria case reports, especially inside and adjacent to the perimeter of the DMZ (e.g., Daeseongdong, village inside the DMZ and Panmunjom) where malaria transmission is highest, is needed to provide better estimates of the threat that vivax malaria poses to military and civilian populations. Thus, comprehensive investigations of vector competence and blood-feeding behavior for all members of the Anopheles Hyrcanus Group need to be accomplished, including entering data into VectorMap, a Web tool that relates mosquito species distribution with associated pathogens (Foley et al. 2010 ). As the malaria health threat is greatest near the DMZ, it is there that future vector research may profitably be focused, especially as regards to environmental factors that affect seasonal abundance, vector and parasite dynamics under field conditions, vector relationships to changes in malaria incidence in the ROK, and vector control.
